Determinants of attenuation in the Sabin type 1 strain of poliovirus are located in the 5' noncoding region, the capsid coding region and the viral RNA-dependent RNA polymerase (3D ~°~) coding region. These mutations also contribute to a temperature sensitive phenotype of virus replication. We have cloned and expressed the Sabin 1 virus 3D p~ protein which contains three amino acid differences from the wild-type (Mahoney) sequence, as well as a wild-type polymerase containing only a single Sabin amino acid substitution at nt 6203.
These enzymes have been examined and compared for temperature sensitive polymerase activity. Wild-type and mutated polymerases demonstrated identical specific activities at 30, 35 and 39 °C. All three showed the same kinetics of heat inactivation after pre-incubation at elevated temperatures. Thus the contribution of Sabin 3D ~°~ sequences to the inability of the virus to grow at elevated temperatures must lie in a function or activity of the enzyme other than RNA polymerization. A likely reaction is the initiation step of RNA chain synthesis.
Oral poliovirus vaccine composed of three different serotypes of attenuated virus strains has played a major role in eradicating poliomyelitis in developed countries. The attenuated strains (Sabin, 1957) were derived by passaging wild-type (wt) isolates in cultured cells, followed by plaque purification. All three strains exhibit properties of restricted replication at elevated temperatures (ts), as well as low neurovirulence when inoculated into the central nervous system of monkeys.
Although extensive sequence analyses of complete viral genomes showed numerous mutations in the Sabin virus strains, efforts to identify the determinants of attenuation in Sabin virus strains of poliovirus resulted in the surprising demonstration that only two or three mutations accounted for a virulent or attenuated phenotype (Minor, 1992) . For types 2 and 3, attenuation determinants are located in the 5' noncoding region (NCR) of the viral genome, as well as in capsid protein coding sequences. Type 1 virus is also attenuated by a mutation in the same portion of the 5' NCR as well as determinants in the capsid coding region; however, it uniquely contains an attenuation determinant in the gene encoding the RNA-dependent RNA polymerase, 3D ~°~ (Christodoulou et al., 1990) . This mutation is Iocated at nt 6203, which produces a Tyr (wt)~His (Sabin) substitution at residue 73 of the protein.
Assignment of the determinants for thermosensitivity is less certain. For Sabin type 3 virus, expression of the ts phenotype in HEp2c cells mapped to an amino acid at residue 91 ofcapsid protein VP3 . This mutation destabilized interactions between protomers and prevented assembly of protomers into pentamers at elevated temperatures (Macadam et al., 1991a) . The mutation in the 5' NCR responsible for attenuation of Sabin 3 virus did not cause temperature sensitive growth in HEp2c cells. For Sabin type 2 virus, at least in some cell lines, the 5' NCR mutation conferred a ts phenotype on virus growth (Macadam et al., 1991 b) . The ts phenotype was most marked when the predicted disruption of the base-pairing in the affected stem-loop was most severe. The ts phenotype attributable to the 5' NCR is expressed more strongly in some cells in culture than others, however, possibly due to the presence in different cells of different levels of factors involved in cap-independent initiation of translation of poliovirus RNA. The HEp2c cells in which the type 3 VP3 studies described above were performed are relatively insensitive to the 5' NCR mutation (Macadam et aI., 1991b) (1990) . Each ' + ' in the temperature sensitivity column indicates a 100-fold difference in virus yield when grown at 39.5 °C compared with 34 °C. Each ' + ' in the attenuation column indicates an approximately one log10 difference in the virus dose which caused paralysis or death in 50 % of mice.
38.5 °C correlated with an additional mutation at nt 6203 in the 3D p°~ gene. These mutations, as well as a subsequent further mutation in the capsid coding region, all contributed to increased neurovirulence as well as temperature resistance. Tardy-Panit et al. (1993) evaluated the effects of the Sabin 1 5' NCR and the 3D ~°~ gene mutations individually in a wt neurovirulent and temperature resistant background. The viruses were isolated after transfection of Vero cells, and growth was analysed after amplification in HEp2c cells. Under these conditions, the major determinant of temperature sensitive growth (at 39-5 or 40 °C.) was the 3D ~°~ region. This region encodes three amino acid differences between Sabin and wt sequences, located at nt 6143, 6203 and 7071. Table 1 summarizes the results of the relevant type 1 studies. It appears that the mutation at nt 6203 plus at least one of the other two 3D mutations are required for expression of significant temperature sensitivity under the conditions tested. Thus, reversion of Sabin C6203-~U appeared to confer significant temperature resistance in the Christodoulou study, whereas the isolated back mutation of Mahoney U6203-~C did not contribute significant temperature sensitivity in the Tardy-Panit experiments, unless coupled with other Sabin mutations in 3D ~°z.
The molecular basis of the contribution of mutations in the 3D ~°z gene to temperature sensitivity of growth of Sabin type 1 virus is not understood. We therefore undertook the study reported here to clone and evaluate the polymerase activity of the Sabin 1 enzyme, as well as the Mahoney enzyme containing only the single 6203 mutation.
Previously, we conducted extensive analyses of Mahoney type 1 poliovirus 3D p°~, produced from cloned cDNA in E. coli (Richards et al., 1987 (Richards et al., , 1992 Rothstein et al., 1988) . We utilized a plasmid, pEXC-3D, from which the precursor 3CD is expressed from a trp promoter, and undergoes efficient inter-or intra-molecular self-cleavage to yield active 3C pr° and 3D p°t. Polymerase activity produced under these conditions appears to be identical to that obtained from poliovirusinfected HeLa cells (Neufeld et al., 1991) . To generate enzyme containing the amino acid change resulting from the U6203~C mutation, overlapping primers between nt 6191 and 6215 containing the mutation were used with outside primers (beginning at nt 5487, including a Bglll site, and at 6544, including a NdeI site) in an overlap extension PCR (Ho et al., 1989) . The amplified fragment containing the mutation was inserted into digested pEXC-3D to replace the wt sequence, and plasmid pEXC-3Dg6203 was grown in E. coli JM109 under ampicillin selection. Enzyme composed of the Sabin type strain sequence was obtained from a plasmid constructed by replacing the sequences in pEXC-3D between the BgIII site (nt 5601) and the ScaI site (nt 7332) with the corresponding fragment isolated from pSI(T7)0, which contains the entire Sabin 1 cDNA (gift from Dr A. Nomoto). The resulting plasmid, pEXC-3D-Sb, was grown in E. coli C600 under ampicillin selection. Plasmid DNAs were prepared and analysed by restriction enzyme digestion and DNA sequencing through the mutated regions. Fig. 1 shows the relevant portions of the plasmids utilized in the following studies.
Extracts were obtained from cells induced to express wt or mutated 3D as described previously (Rothstein et al., 1988; Burns et al., 1989) . After sonication, extracts were clarified by centrifugation at 100000g for 2 h at 3 °C. Each mutated enzyme was produced in the same host, in parallel cultures, as a wt control enzyme. Mutated and wt enzymes were produced in similar amounts as detected in Western immunoblots probed with anti-3D serum (Richards et al., 1987) . Fig. 2 shows the results of an RNA polymerase assay of wt 3D ~°z at 30, 35 and 39 °C. Assays were performed using poly(A) template and oligo(U) primer as described previously (Hey et al., 1986) . RNA polymerization was linear at 30 °C for at least 30 min. At 35 °C, initial incorporation was faster, but the rate rapidly declined, suggesting increased lability of wt enzyme at 35 °C compared to 30 °C. This effect was exaggerated at 39 °C, such that total incorporation was decreased even by 10 min, with very little additional activity demonstrable between 15 and 30 min. This pattern of reduced reaction rates with time at temperatures above 30 °C was observed both in crude extracts containing 3D p°t and with purified enzyme preparations.
Comparable assays performed with both 3D-g6203 and 3D-Sb showed activity profiles identical to that of the wt enzyme. Fig. 3 shows a comparison of the two mutated polymerase activities compared with their wt counterparts at the three assay temperatures. Incorporation at 15 min was used for comparison in order to minimize the effect of prolonged incubation at the elevated temperatures, but the data were the same when the 30 min time points were plotted (not shown). Small differences in absolute activity levels at a given temperature reflect variations in the enzyme concentration in the extract, not differences in specific activity of mutated versus wt enzyme.
The apparent rapid loss of activity during assays at elevated temperature prompted us to examine the relative stability of extracts containing enzyme pre-incubated at 42 °C for various times prior to assay at 30 °C. Consistent with previous measurements (Richards et al., 1992) , activity dropped rapidly with time of incubation, with a t1/2 of --~ 1.5 min. Kinetics were the same for both mutated enzymes (not shown). Pre-incubation of purified enzyme at 30, 35 and 39 °C gave tx/2 values of > 120, 6-5 and 1.7 min, respectively, consistent with the interpretation of increased lability at the higher temperatures during assay (see above and Fig. 2) .
We attempted to evaluate enzyme that had been synthesized in cells grown at elevated temperature in order to detect potential defects in folding attributable to the Sabin mutations. The results of these experiments were only marginally significant, since total activity recovered from enzyme from cultures grown between 35 and 39 °C was very low, most likely due to markedly reduced solubility of 3D ~°t in E. coli at these temperatures. No differences, however, were noted between wt and mutated enzyme.
Analyses of revertant viruses or viruses produced by directed mutagenesis have clearly implicated the Sabin type 1 nt 6203, and perhaps other Sabin mutations in the 3D ~°~ gene, as contributing to the thermosensitivity of the Sabin 1 strain (Christodoulou et al., 1990; TardyPanit et al., 1993) . The results presented here demonstrate that the isolated 3D p°z protein shows no increase in temperature sensitivity of polymerase elongation activity in vitro. The contribution by Sabin 3D p°~ sequences to the inability of the virus to grow at elevated temperatures must therefore lie in some function or activity of the enzyme other than RNA polymerization, or possibly due to an altered structure of the RNA template. A most likely activity would be a reaction involving the initiation of RNA chain synthesis in which 3D p°~ participates. This reaction has not yet been biochemically described. This suggestion is supported by a previous study by Toyoda et al. (1987) , in which extracts from cells infected with a recombinant type 1 virus containing two Sabin mutations (6203 and 6143) were shown to be defective in uridylylation of VPg in vitro at 39"5 °C, but not at 30 °C. Although this reaction has not been specifically attributed to 3D "°~, it is a plausible explanation worthy of further study.
The relationship between temperature sensitivity and attenuation is not understood. If neurovirulence depends on rapid virus replication in the infected individual at 37 °C, prior to intervention by the immune system, then it is not surprising that the two phenotypes will co-vary. It is therefore important to elucidate the mechanisms by which picornaviruses can be rendered thermosensitive. Similarly, cell-specific factors that affect expression of the various determinants of temperature sensitivity must be identified. This work was supported by a grant from the National Institutes of Health (AI 17386).
